I. INTRODUCTION
Fueled by enormous commercial interest, GaN-based light-emitting diodes (LEDs) have attracted great attention for a wide range of applications.
1,2 To achieve a high-quality LED, its external quantum efficiency (EQE) needs to be at the desired level. The EQE of a device depends on its internal quantum efficiency (IQE) and light extraction efficiency (LEE). Since the invention of LEDs, much effort has been devoted to improving IQE and LEE. The enhancement of IQE has been generally realized by tailoring the epitaxial structure, [3] [4] [5] [6] [7] or incorporation of plasmonic nanostructures. [8] [9] [10] Meanwhile, LEE can be improved by patterning the substrate, 11, 12 using epitaxial structure 13, 14 or current spreading layers, 15, 16 fabricating different LED configurations (conventional, flip-chip or vertical), or including photonic crystals. [17] [18] [19] Flip-chip LEDs (FCLEDs) possess a suitable configuration for high-power devices because of their effectiveness at increasing LEE and heat dissipation. 20 One of the major challenges to achieve high-performance FCLEDs is developing a high-quality metal stack with high reflectance and thermal conductivity that can serve as an efficient reflector with low forward voltage. Silver (Ag) has been widely used as a reflector layer in FCLEDs because of its high reflectivity and suitable electrical properties. [21] [22] [23] The poor adhesion of Ag directly onto a p-GaN surface leads to the degradation of both optical and electrical device performance. 24 A good solution to this problem is the introduction of a thin transparent layer between the p-GaN and Ag layers. Using this method, the adhesion between the reflector and GaN surface can be effectively improved, and the agglomeration of Ag can be alleviated to some extent. Oxidized nickel (Ni) 25, 26 and indium tin oxide 27, 28 have been widely used for this purpose. Although annealing can be used to improve current-voltage (I-V) characteristics, the quality of the Ag layer is still degraded by annealing. For example, previous studies have reported a large gap of around 15%-20% between the reflectivity levels of the as-deposited and annealed samples. 29, 30 The degradation of the quality of the Ag reflector by high-temperature processing generally leads to a lower optical output power. Various attempts to address the issue of Ag agglomeration, such as having a Pt capping layer on AgCu alloy, 31 depositing a thin Ni cladding layer (2 nm) on top of a Ni/Ag reflector, 32 and testing AgAl alloy, 33 have been reported, but success was limited.
This work investigates the performance enhancement obtained by introducing a titanium tungsten (TiW) alloy layer on top of a Ni/Ag metal stack. The advantageous properties of W in this approach are its low electrical resistivity (5.38 Â 10 À8 X m) and high thermal conductivity (173 W/m K), as well as its effectiveness as a potential diffusion barrier for Ag. 34 The reflectance of the device with TiW is not decreased as much as that of the device without a TiW layer after annealing. The smaller red shift of electroluminescence (EL) of the device with TiW compared with that of the reference structure lacking TiW reveals that the former is better at heat management than the latter. Overall, these improvements of electrical and optical behavior give rise to an increase in EQE of 29% at 350 mA. This indicates that Ni/Ag/TiW can be used as an efficient metal stack for high-power FCLEDs.
II. EXPERIMENTAL SECTION
To investigate the properties of a Ni/Ag/TiW metal stack on a p-GaN surface, GaN LEDs were fabricated by a) Electronic mail: namig@ntu.edu.sg metal-organic chemical vapor deposition (MOCVD) on a polar c-plane (0001) sapphire substrate. 35 A thin GaN nucleation layer (30 nm) was grown at low temperature before growth of a 2-lm layer of undoped-GaN (u-GaN). A 4 lmthick n-doped GaN layer was deposited on top of u-GaN. The next step was the deposition of a multiple-quantum well (MQW) structure with five periods of InGaN/GaN, in which the well and barrier thicknesses were 3 and 10 nm, respectively. The last two steps were the fabrication of an electron blocking layer (20 nm p-doped AlGaN) and p-doped GaN layer (200 nm). The peak emission wavelength of the epitaxial LEDs was 452 nm with a full width at half-maximum of 24 nm [ Fig. 1(a) ]. Mg doped in the p-GaN layer was activated by high-temperature annealing in the MOCVD chamber. The measured concentration of holes after the activation was 3 Â 10 17 cm
À3
, which is 1% of the overall dopant concentration. 36 A schematic diagram of the structure of the fabricated device is presented in Fig. 1(b) . For the electrodes, mesa patterns were formed by reactive ion etching using Cl 2 (20 sccm) and BCl 3 (40 sccm) gases. Ni (0.3 nm), Ag (200 nm), and TiW alloy (20 nm) layers were then deposited on top of the p-GaN surface by sputtering. The alloy was sputtered with 5% Ti and 95% W. The small amount of Ti helps to improve the adhesion between Ag and W. For comparison, a separate Ni/Ag reflector without TiW alloy was also deposited on a p-GaN surface. Finally, n-and p-type contact pads were deposited by electron beam evaporation. A high temperature annealing was performed to achieve ohmic contacts to the p-GaN layers. Annealing process shifts the surface Fermi level toward the valence band edge, which in turn reduces the band bending and the Schottky barrier height. Jipelec rapid thermal processing system was used to anneal the samples. The samples were annealed at 450 C for 5 min in 500 sccm O 2 ambient. Annealing the reflector layers not only helps to achieve good ohmic contacts, it also oxidizes the thin Ni layer to make them transparent. Optical, electrical, and morphological properties of the devices with and without a TiW alloy layer were investigated. I-V characteristics of the fabricated devices were measured using a LED quick tester (M2442S-9 A, Quatek Group), and their optical reflectance was characterized by a UV-vis spectrometer. Surface morphology was examined with a LEO-1550 fieldemission scanning electron microscope (FESEM). X-ray photoelectron spectroscopy (XPS) measurements were conducted using a 1486.7-eV Al Ka source. PL was measured with a spectrometer (RPM 2000, Nanometrics) using a He-Cd laser with an excitation wavelength of 325 nm as the excitation source. Optical power and EL characteristics were measured by an integrating sphere attached to a spectrometer (QE65000, Ocean Optics). C. The as-deposited samples with and without TiW layers possess smooth surfaces. After annealing, the surface of the reference sample without TiW is rough [ Fig. 2(b) ]. In contrast, the sample with a TiW layer retains its smooth surface [ Fig. 2(a) ]. The smooth surface morphology of the device with TiW is attributed to TiW suppressing Ag agglomeration during annealing.
III. RESULTS AND DISCUSSION
The higher quality of the contact mirror with TiW than that without TiW can also be observed in the insets of Fig. 2 , which display emission images for the LEDs containing both types of reflectors. The Ni/Ag metal stack exhibits serious leakage of the emitted light [inset of Fig. 2(b) ]. Conversely, the stack with TiW serves as a much better contact mirror, displaying uniform emission [inset of Fig. 2(a) ], which is quantified next. To determine the effect of device heating on the optical performance of the structures, we measured EL intensities of both devices. The EL spectra for the TiW-containing and reference devices are depicted in Fig. 4 . At 20 mA, both devices exhibited nearly the same EL peak wavelength (443 nm) (data not shown). The blue shift of 9 nm compared with the EL peak wavelength of the as-grown structure is attributed to self-screening of polarization induced by the quantum-confined Stark effect. However, when the current was increased to 150 mA, the EL peaks red-shifted, which is attributed to heating. At 150 mA, the device with the TiW alloy exhibited a smaller red shift (2.2 nm) than that of the reference device (4.5 nm). The smaller red shift arising from the better heat management in the device with TiW than in that without TiW is ascribed to the high thermal conductivity of the TiW alloy.
The high optical quality of the device with TiW retained after annealing also contributes to the observed improvement of optical output power, which is rationalized as follows. Figure 5 shows the reflectance spectra for devices with Ni/ Ag/TiW and Ni/Ag metal stacks before and after annealing. Before annealing, almost the same reflectance curves were observed for both devices. After annealing, the device with the Ni/Ag/TiW reflector exhibits higher reflectance at 452 nm (88%) than that of the device with a Ni/Ag reflector (80%). For the device with the TiW alloy, the reflectance spectrum above 550 nm is approximately the same before and after annealing. However, there is a continuous gap between the spectra of the reference device before and after annealing. The higher reflectivity of the device with a Ni/ Ag/TiW reflector after annealing compared with that of the annealed reference device is attributed to TiW maintaining the uniformity of the main reflector film (Ag) during annealing. The TiW layer protects Ag from aggregation and loss during high-temperature processing in O 2 . Because W makes an excellent diffusion barrier for Ag, it can prevent or suppress Ag out-diffusion and thus maintain the quality of the Ag layer during high-temperature annealing. Therefore, the reflectivity of the Ni/Ag/TiW metal stack can be retained after annealing compared with that of the Ni/Ag metal stack.
EQE measurements for devices with and without TiW following annealing are presented in Fig. 6 . The presence of TiW increases the maximum EQE of the devices from 26% to 36%. The EQE values for the reference and TiWcontaining devices at 350 mA are 24% and 31%, respectively. The considerable enhancement of EQE is attributed to the better light extraction and thermal management, and lower contact resistance and forward voltage of the structure with a thin layer of TiW alloy.
Figures 7(a) and 7(b) present the survey spectra for the surface of the device with a Ni/Ag/TiW metal stack in the range of 10-1350 eV before and after annealing, respectively. The detected materials are W, Ti, and O in both cases. The 4d 5/2 , 4d 3/2 , and 4f 7/2 peaks of W were detected with higher intensities. Because annealing was performed in O 2 , there is a visible increase in the intensity of the O 1s peak after annealing. Ag could not be detected on the top surface after high-temperature processing. Therefore, TiW has successfully prevented the out-diffusion of Ag during hightemperature processing. Fig. 6 . This will be further addressed in our future work. Meanwhile, the out-diffusion of Ga atoms leaves a large number of Ga vacancies at the Ag/p-GaN interface, which can benefit the formation of an ohmic contact. Because the Ni layer was only 0.3 nm thick to achieve better adhesion of Ag and p-GaN, the signal for this thin layer could not be detected. The XPS analyses readily explain the mechanisms behind the considerable improvement of the electrical and optical properties of the flip-chip device with TiW alloy. These improvements include the higher optical output power and EQE of the LED with a Ni/Ag/TiW reflector than those of the one with a Ni/Ag reflector.
IV. SUMMARY AND CONCLUSIONS
In summary, the effects of TiW alloy on the performance of InGaN/GaN MQW FCLEDs were systematically investigated. The TiW alloy layer effectively limits Ag agglomeration during annealing. Unlike the reference structure, the Ni/ Ag/TiW metal stack was optically stable after annealing at 450 C. The reflectance of the TiW-containing LED was 88% at 452 nm, considerably higher than that of the reference structure without TiW alloy (80%). FCLEDs with a Ni/Ag/TiW reflector annealed at 450 C exhibited an optical power of 298.78 mW at 350 mA, which was 28% higher than the output power of the reference device at the same current. The smaller red shift of EL upon annealing compared with that of the reference device revealed the better heat management capability of the TiW-containing device. In addition, EQE was substantially enhanced by the introduction of the thin alloy layer. These results reveal that a TiW alloy layer can improve the performance of GaN-based MQW FCLEDs.
